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Highly anisotropic properties of CeIr3Si2 have been observed by the magnetization M(B), elec-
trical resistivity ρ, and specific heat measurements on a single-crystalline sample. This compound
with an orthorhombic structure having zigzag chains of Ce ions along the a-axis undergos magnetic
transitions at 3.9 K and 3.1 K. At 0.3 K, metamagnetic transitions occur at 0.68 T and 1.3 T for
B//b and 0.75 T for B//c. Easy-plane magnetocrystalline anisotropy is manifested as M(B//b) ∼=
M(B//c) ∼= 11M(B//a) at B = 5 T. Electrical resistivity is also anisotropic; ρb ∼= ρc ≥ 2ρa. The
magnetic part of ρ exhibits a double-peak structure with maxima at 15 K and 250 K. The magnetic
entropy at TN1 = 3.9 K is a half of Rln2. These observations are ascribable to the combination
of the Kondo effect with TK ∼ 20 K and a strong crystal field effect. The analysis of M(B) and
paramagnetic susceptibility revealed unusually large energy splitting of 500 K and 1600 K for the
two excited doublets, respectively.
PACS numbers: 75.30.Mb, 75.30.Kz, 71.70.Ch, 75.60.Ej
I. INTRODUCTION
Cerium-based intermetallic compounds crystallizing in
non-cubic structures often exhibit strongly anisotropic
behaviors in the magnetic and transport properties.1 The
anisotropy is governed by the combination of the effect
of crystal electric field (CEF) on the 4f electrons of Ce
ions and the hybridization effect of the 4f wave functions
with conduction electrons.2 For example, strong easy-
plane magnetocrystalline anisotropy appears in a hexago-
nal compound CeRh3B2 (Ref. 3) which orders ferromag-
netically at an anomalously high Curie temperature of
115 K.4,5 These properties of CeRh3B2 were attributed
to the hybridization of the 4f electron states with 5d
electron states of the nearest-neighbor Ce ion in a very
short distance of 3.09 A˚ along the c axis of the hexagonal
CeCo3B2-type structure.
6 This short distance and strong
hybridization may lead to a huge CEF splitting of 2000
K,7 which is comparable to the spin-orbit splitting be-
tween the J = 5/2 ground state and the excited J = 7/2
state. In fact, the contributions from the excited J = 7/2
state to the 4f wave functions have been confirmed by
the polarized neutron scattering experiments.7 The CEF
effect results in a strong reduction of the 4f orbital mag-
netic moment.8 The nearly localized character of the 4f
state in CeRh3B2 was inferred from the fact that the 4f
electrons do not contribute to the Fermi surface.9 In an
isoelectronic compound CeIr3B2, which crystallizes in a
monoclinically distorted structure of the CeCo3B2-type,
the 4f state is in the valence fluctuating regime where
the localized moment is lost by the strong hybridization
with conduction electrons.10 However, 4f electrons in an-
other related compound CeIr3Si2 are rather localized, as
was indicated from the Curie-Weiss behavior of trivalent
Ce ions in the magnetic susceptibility.11 Recent measure-
ments of magnetic susceptibility and specific heat at low
FIG. 1: Crystallographic structure of CeIr3Si2. Ce atoms
form a zigzag chain along the a-axis of the orthorhombic
ErRh3Si2-type structure.
temperatures revealed magnetic orderings in CeIr3Si2 at
TN1 = 4.1 K and TN2 = 3.3 K.
12 Moreover, the magne-
tization has a spontaneous component of 0.2 µB/Ce and
exhibits three-step metamagnetic transitions.12 The crys-
tal structure of CeIr3Si2 was found to be the orthorhom-
bic ErRh3Si2-type (Space Group Imma, No. 74), as is
illustrated in Fig. 1. The zigzag chain of Ce ions along the
a-axis corresponds to the straight chain along the hexag-
onal c-axis in CeRh3B2. Although the Ce-Ce distance of
3.6 A˚ in the former is longer than 3.09 A˚ in the latter,
the similar structure should lead to strong anisotropy in
physical properties. With this in mind, we have grown a
single crystal of CeIr3Si2 and herein report the magnetic,
transport, and thermal properties.
2II. EXPERIMENTAL
A. Synthesis and characterization
A single crystal of CeIr3Si2 was grown by the Czochral-
ski pulling method in a tetra-arc furnace. Starting ma-
terials were Ce ingots of high purity from Ames Labo-
ratory, shots of Ir (3N), and ingots of Si (5N). A total
of about 17 g in a stoichiometric composition was melt
in the furnace. A polycrystalline rod was immersed into
the melt and pulled at a speed of 10 mm/h in an Ar
atmosphere.13 The grown crystal was 2-5 mm in diame-
ter and 40 mm in length. As a reference compound with
empty 4f states, a polycrystalline sample of LaIr3Si2
was prepared by arc melting and homogenized by an-
nealing at 900 ◦C for 7 days. Powder X-ray diffraction
was performed on both samples. The lattice parameters
for CeIr3Si2 and LaIr3Si2 are a = 7.178 A˚, b = 9.726 A˚,
c = 5.597 A˚ and a = 7.189 A˚, b = 9.763 A˚, c = 5.615
A˚, respectively, whose values agree with reported ones.12
The single crystal was oriented by the X-ray back Laue
method and cut along the principal axes for the transport
and magnetic measurements.
B. Measurements
Measurements of magnetization M(B) were carried
out by several methods depending on the range of tem-
perature and magnetic field. A capacitive Faraday
method was employed for measurements at 0.3 K in fields
up to 9 T with a field gradient of 10 T/m. To extend the
field range up to 14.5 T, a sample-extraction magnetome-
ter was used. For measurements in a wide temperature
range from 1.9 K to 700 K, we used a Quantum Design
MPMS. The data taken by MPMS were used to calibrate
the data obtained by the Faraday force magnetometer
and the sample-extraction magnetometer. The electrical
resistivity ρ was measured by a dc four-probe method us-
ing home-built setups from 1.3 K to 300 K. In the range
up to 700 K, a closed cycle GM refrigerator was used.
The specific heat was measured in magnetic fields up to
5 T and in a temperature range between 2.0 and 320 K
by using a Quantum Design PPMS.
III. RESULTS AND DISCUSSION
A. Magnetic properties
Fig. 2 shows the temperature dependence of the in-
verse magnetic susceptibility B/M = χ−1 in a mag-
netic field B = 1 T applied along the three principal
axes. The data demonstrate easy-plane magnetocrys-
talline anisotropy with respect to the Ce chain along the
a axis. At 300 K, the ratio of χB⊥a / χB//a is 3, which
is larger than the ratio of χB⊥c / χB//c = 2 reported
for CeRh3B2.
14 This fact suggests the presence of strong
CEF effect on the trivalent Ce ions in CeIr3Si2. The
slopes of χ−1(T ) for T ≥ 100 K give the effective mag-
netic moments µeff of 2.60 and 2.63 µB/Ce for B//b
and for B//c, respectively. These values are close to
that expected for a free trivalent Ce ion (2.54 µB). The
paramagnetic Curie temperatures are 0.8 K and -14 K
for B//b and B//c, respectively.
FIG. 2: Temperature dependence of the inverse magnetic sus-
ceptibility χ−1 = B/M for CeIr3Si2 in a field of 1 T applied
along the three principal axes. The solid curves are the fits
to a CEF model using Eq. (3).
At temperatures below 6 K, data of M/B were
recorded in both zero-field cooling (ZFC) and field cool-
ing (FC) processes. The data are plotted in Fig. 3, where
the vertical scale for B//a is one hundredth of those for
B//b and B//c. Note that the values for B//b and B//c
are approximately 100 times larger than for B//a in a
field of 0.01 T and at 2 K. The data below 4 K diverge
between ZFC and FC processes. This divergence is in-
dicative of the presence of a ferromagnetic component.
The inset of Fig. 3 is an expanded view of M/B data
in various fields applied along the a-axis. The peak at
4 K (∼= TN1) for B = 3 T shifts to lower temperature
with increasing magnetic fields up to 14.5 T. This field
dependence is a characteristic of the antiferromagnetic
ordering. On the other hand, the upturn of M/B below
3 K (∼= TN2) for B = 3 T is suppressed when the fieled
is increased up to 5 T.
The easy-plane magneto-crystalline anisotropy in
CeIr3Si2 is highlighted in the isothermal magnetization
curvesM(B) at 0.3 K as is shown in Fig. 4. The relation
Mb ∼= Mc ∼= 11 Ma at B = 5 T indicates that the a-axis
is the hard magnetization direction. It should be noted
that this anisotropy in CeIr3Si2 is stronger than that in
CeRh3B2 where MB⊥c is four times of MB//c at 7 T.
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In Fig. 4, there are two metamagnetic transitions at BC1
= 0.68 T and BC3 = 1.3 T for B//b, while for B//c
the former shifts to BC2 = 0.75 T and a kink appears
at 3 T. No hysteresis was observed between increasing
and decreasing runs. The values for BC1, BC2, and BC3
agree with those reported for a polycrystalline sample.12
3FIG. 3: Magnetization divided by external magnetic field
M/B for CeIr3Si2 at low temperatures in various magnetic
fields applied along the three principal axes. Closed and open
symbols represent the data in zero-field-cooling and field-
cooling processes, respectively. Note the scale for χa is one
hundredth of those for others. The inset shows M/B vs T in
various fields B//a up to 14.5 T.
In higher fields up to 14.5 T,M(B) was measured by the
extraction method. It was observed that M(B) at 1.5 K
linearly increases to values of 0.20, 1.23, and 1.38µB/Ce
at 14.5 T for B//a, B//b, and B//c, respectively. The
inset of Fig. 4 shows the magnetization curves in the
paramagnetic state at 10 K.
FIG. 4: Magnetization processes M(B) of CeIr3Si2 in mag-
netic fields along the three principal axes. The data for B//b
and B//c are taken at 0.3 K, while data for B//a are at 1.9
K. The inset shows M(B) at 10 K in the paramagnetic state.
The solid curves are the fits to the data with a CEF model
(see text).
We analyzed the two sets of data χ(T ) andM(B) using
a CEF model, considering orthorhombic site symmetry of
Ce ions in CeIr3Si2. According to Hutchings’ notation,
16
the CEF Hamiltonian for J = 5/2 with the orthorhombic
point symmetry is given by
HCEF = B
0
2O
0
2 +B
2
2O
2
2 +B
0
4O
0
4 +B
2
4O
2
4 +B
4
4O
4
4 (1)
where Bmn and O
m
n represent the CEF parameters and
the Steven’s equivalent operators, respectively. In the
mean-filed approximation, χi (T ) (i = a, b, c) is expressed
as
χi(T ) = χiCEF (T )/(1− λχiCEF (T )) (2)
where the CEF susceptibility χiCEF is given by
χiCEF =
(gJµB)
2∑
m
e−Em/kBT
(∑
m
|〈m|Ji|m〉|
2e−Em/kBT
kBT
+
∑
m
∑
n( 6=m)
|〈n|Jz |m〉|
2 e
−Em/kBT − e−En/kBT
En − Em
)
(3)
The CEF magnetization MiCEF is given by
MiCEF = gJµB
∑
m
|〈m|Ji|m〉|
e−Em/kBT∑
m
e−Em/kBT
(4)
where gJ is the Lande´ g-facter, Ji is a component of the
angular momentum, m and n are eigenstates of 4f wave
functions, and E(m,n) is the eigenvalue of the derived
CEF energy level. The CEF parameters were determined
by a least-square fitting to the data of χ−1(T ) andM(B)
in the paramagnetic region. Thereby, the quantization
axis was chosen as the b axis, because the paramagnetic
susceptibility is largest for B//b. The best fit was ob-
tained with the parameters listed in Tables I. The calcu-
lated curves are drawn by solid lines in Fig. 2 and the in-
set of Fig. 4, respectively. The fairly good fitting for both
sets of the data, especially the pronounced maximum in
χ−1(T ) for B//a, suggests that the strong anisotropy in
CeIr3Si2 can be understood by the CEF effects. It is
noteworthy that largely negative values for the higher
order terms B24 and B
4
4 are necessary to reproduce the
maximum in χ−1 for B//a. The CEF parameters lead
to a crystal field level scheme of three doublets at 0 K,
500 K (∆1), 1620 K (∆2), respectively. This huge CEF
splitting is comparable to that of CeRh3B2 (2000 K).
7
The wave function of the ground state consists mainly of
| ± 5/2〉, whose function elongates along the a axis. In
this configuration, the magnetic moment should orient
perpendicular to the a axis. This idea is supported by
the experimental fact that the hard magnetic direction is
along the a axis.
4TABLE I: Crystal field parameters, molecular field coefficient, energy levels, and wave functions for CeIr3Si2 obtained from the
fitting of magnetic susceptibility and magnetization in the paramagnetic state.
CEF parameters
B02 (K) B
2
2 B
0
4 B
2
4 B
4
4 λ (emu/mol)
−1
-24.5 -39.7 1.03 -18.24 -14.5 5.92
Energy levels Wave functions
E (K) |+ 5/2〉 |+ 3/2〉 |+ 1/2〉 | − 1/2〉 | − 3/2〉 | − 5/2〉
1620 0.564 0 -0.742 0 -0.363 0
1620 0 0.363 0 0.742 0 -0.564
500 0 0.847 0 -0.515 0 -0.133
500 0.133 0 0.515 0 -0.847 0
0 0 0.389 0 0.429 0 0.815
0 -0.815 0 -0.429 0 -0.389 0
B. Transport properties
FIG. 5: Electrical resistivity of CeIr3Si2 as a function of tem-
perature for the current directions I//a, I//b and I//c. The
magnetic contribution ρmag (I//b) was derived by the sub-
traction of the resistivity of a polycrystalline LaIr3Si2 shown
in the inset.
The electrical resistivity ρ along the three principal
axes is plotted versus logT and T in Fig. 5 and the in-
set, respectively. The relation ρc ∼= ρb ≥ 2ρa holds in
the whole temperature range. The low resistivity along
the a axis may reflect the electronic conduction through
the honeycomb-like network of Ir and Si atoms paral-
lel to the Ce-Ce zigzag chain (see Fig. 1). The lower
resistivity parallel to the chain is common to the se-
ries of compounds RRh3B2 (R = La, Ce, Pr and Gd).
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A sudden drop in ρ(T ) at TN1 = 3.9 K is ascribable
to the reduction of the scattering of conduction elec-
trons due to the partial alignment of Ce magnetic mo-
ments. At TN2 = 3.1 K, where the specific heat ex-
hibits a peak as will be shown later, the differential re-
sistivity dρ/dT shows a maximum. The magnetic con-
tribution ρmag along the b axis was estimated by sub-
tracting the resistivity of LaIr3Si2 without 4f electrons;
ρb(CeIr3Si2)—ρ(LaIr3Si2). Thereby, no anisotropy in the
La compound was assumed. The plot of ρm vs lnT
in Fig. 5 shows the −lnT behavior in two temperature
ranges from 30 K to 70 K and from 400 K to 700 K,
respectively. If we take the temperature where ρmag(T )
swerves from the −lnT dependence as the Kondo temper-
ature, then TK is approximately 20 K. Another measure
of the TK on the whole multiplet including the excited
CEF levels is given by T hK = (TK∆1∆2)
1/3.18 Using TK
= 20 K, ∆1 = 500 K, and ∆2 = 1620 K, T
h
K is deter-
mined as 250 K, which is close to the temperature where
the upper maximum appears in ρmag(T ).
FIG. 6: Specific heat divided by temperature C/T vs T for
CeIr3Si2 in various magnetic fields applied parallel to the b-
and c-axes. The origin of the ordinate is shifted downward
for each set of data.
To study the nature of the double magnetic transitions
of CeIr3Si2, the specific heat was measured in various
magnetic fields up to 5 T. The C/T vs T plots for B//b
5FIG. 7: Temperature dependence of the magnetic part of spe-
cific heat Cm and the magnetic entropy Sm for CeIr3Si2. The
dotted line represents the theoretical curve of Cm for S = 1/2
Kondo impurities with TK = 20 K, and the dashed-dotted
line is the crystal-field contributions to Cm calculated for ∆
= 530 K. The inset is the plot of C/T vs T 2.
and B//c are shown in Fig. 6. In zero field, two distinct
peaks exist at TN1 = 3.9 K and TN2 = 3.1 K, respectively.
When the magnetic field is applied, the two anomalies in
C/T shift to lower temperature. Above 0.3 T, the peak
at TN1 splits into two anomalies at TN1 and T
∗
N1. The
weak peak at TN2, on the other hand, moves to below
2 K already at 0.3 T for B//b, while it stays above 2 K
even at 1 T for B//c.
The data of C/T are plotted vs T 2 in the inset of Fig. 7.
A linear extrapolation of the data above 13 K to T =
0 yields the electronic specific heat coefficient γ = 94
mJ/molK2. This γ value is translated to TK =20 K by
using the relation γ (mJ/molK2) = 5627/3TK(K), which
is relevant for a doublet ground state in the Coqblin-
Schrieffer model.19 This value of TK agrees with that es-
timated from the -lnT dependence of ρmag. The magnetic
contribution to the specific heat, Cm, is derived by sub-
tracting the value of C for LaIr3Si2 from that of CeIr3Si2.
The temperature variation of Cm shown in Fig. 7 has a
significant tail in a wide range from TN1 = 3.9 K to 10
K. The tail can not be reproduced by the Kondo con-
tribution with TK = 20 K, which is drawn by a dotted
curve. The tail is therefore ascribed to the development
of antiferromagnetic short-range correlations along the
a-axial before the long-range order sets in. The maxi-
mum at TCmax = 220 K is a Schottky anomaly due to
CEF excitation from the ground state to the first excited
doublet. An energy splitting of ∆1 = 530 K is estimated
as 2.4 times of TCmax, whose value is in good agreement
with the result obtained by CEF analysis. The magnetic
entropy Sm at TN1 = 3.9 K is only 0.5Rln2, therefore
greatly reduced by the entropy consumption due to the
Kondo effect and short-range correlations. With increas-
ing temperature, Sm recovers the full value of Rln2 at 30
K.
In an attempt to construct the magnetic phase dia-
FIG. 8: A proposed B-T phase diagram of CeIr3Si2 for B//a,
B//b and B//c. The circles and squares denote the data
taken from the specific heat anomaly and the triangles are
from the metamagnetic transitions.
gram of CeIr3Si2, we plot in Fig. 8 the values of the field
and temperature of the specific-heat anomalies together
with the fields of metamagnetic transitions. For the hard
direction, B//a, the phase boundary between the para-
magnetic state and the antiferromagnetic state gradually
decreases with increasing field. For B//b and B//c, the
antiferromagnetic phase is quenched at a rather low field
of a few T. The phase boundary lying at 0.5 T may be
the spin-flop transition.
IV. SUMMARY
Magnetic and transport measurements on a single crys-
tal of CeIr3Si2, which crystallizes in the orthorhom-
bic ErRh3Si2-type structure, revealed highly anisotropic
properties. The high-temperature properties can be un-
derstood in the framework of perturbation theory includ-
ing the CEF effects on trivalent Ce ions. The overall
CEF splitting of 1600 K is anomalously large among Ce
compounds.20 It is comparable with that in the well-
studied ferromagnet CeRh3B2 with a closely related crys-
tal structure. In both compounds, chains of Ce ions run
in a honeycomb-like network. Photoemission study is
necessary to investigate whether the giant CEF splitting
in CeIr3Si2 originates from the hybridization of 4f elec-
trons with conduction bands. It is also interesting to ex-
amine whether the higher J=7/2 multiplet plays a role in
the anisotropic properties as was found in CeRh3B2. The
first CEF excited level at 500 K in CeIr3Si2 manifests
itself as the Schottky anomaly in the specific heat and
6the -logT behavior in the magnetic part of the electrical
resistivity. At low temperatures, the RKKY-type inter-
action among the magnetic moments of the CEF ground
state overwhelms the Kondo effect, leading to antiferro-
magnetic order at 3.9 K. Below the second transition at
3.1 K, a ferromagnetic component appears along the b
and c axes. When magnetic field along these directions
is increased, metamagnetic transitions occur at rather
low fields. At B = 5 T, both M(B//b) and M(B//c)
are one order of magnitude larger than M(B//a). In
order to understand the origin of this strong anisotropy
and complex magnetic phase diagrams, neutron scatter-
ing experiments are in progress.
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